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Summary

A single base (U1939) within E. coli 23S ribosomal
RNA is methylated by its dedicated enzyme, RumA.
The structure of RumA/RNA/S-adenosylhomocys-
teine uncovers the mechanism for achieving unique
selectivity. The single-stranded substrate is “refolded”
on the enzyme into a compact conformation with six
key intra-RNA interactions. The RNA substrate con-
tributes directly to catalysis. In addition to the target
base, a second base is “flipped out” from the core
loop to stack against the adenine of the cofactor
S-adenosylhomocysteine. Nucleotides in permuted
sequence order are stacked into the site vacated by
the everted target U1939 and compensate for the
energetic penalty of base eversion. The 3’ hairpin
segment of the RNA binds distal to the active site and
provides binding energy that contributes to enhanced
catalytic efficiency. Active collaboration of RNA in ca-
talysis leads us to conclude that RumA and its sub-
strate RNA may reflect features from the earliest RNA-
protein era.

Introduction

Posttranscriptional modifications of nucleotides in RNA
are present in all kingdoms of life. These occur in many
types of RNAs, including tRNA, rRNA, mRNA, snRNA,
snoRNA, and tmRNA. A total of 96 distinct types of
modified nucleotides in RNA have been identified so far
(Rozenski et al., 1999) (http://medstat.med.utah.edu/
RNAmods). Certain modifications, such as methylation,
pseudouridylation, and thiouridylation, occurred early
in the evolution of life (Anantharaman et al., 2002), and
a role for modified nucleotides in the transition from the
RNA world to the present DNA-protein world has been
suggested (Martinez Gimenez et al., 1998). Almost all
35 modifications found in the E. coli ribosome are clus-
tered at functionally important sites, particularly the
peptidyltransferase center; the A, P, and E sites of tRNA
binding sites; the mRNA binding site; the polypeptide
exit tunnel; and the subunit interface (Decatur and
Fournier, 2002). Although none of these modifications
has been found to be absolutely essential for ribosomal
function, they are believed to improve ribosomal effi-
ciency on a global level (Decatur and Fournier, 2002).
A common modification found in RNA is the substitu-
tion of 5-methyluridine (m°U) for uridine. This modifi-
cation is catalyzed by S-adenosylmethionine (SAM)-
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dependent m5U methyltransferases (MTases) that are
position specific. RumA specifically catalyzes the for-
mation of m®U at 1939 in 23S rRNA of E. coli (Agarwalla
et al., 2002). In addition to rumA, E. coli contains two
additional m5U MTase genes, trmA and rumB, that are
responsible for the formation of tRNA m°U54 (Kealey et
al., 1994) and 23S rRNA m°U747 (Madsen et al., 2003),
respectively.

U1939 is located in a conserved region (1930-1970)
in domain IV of 23S rRNA, which includes stem H70,
the 1942 loop (containing U1939), stem H71, and the
1953 loop. In the crystal structure of the 70S ribosome,
residues from this segment are seen to bridge with H44
of 16S rRNA through minor groove-minor groove in-
teractions (Yusupov et al., 2001). Furthermore, the 1942
loop protrudes into the major groove of the acceptor
stem of A site tRNA at the CCA tail. Structures of Deino-
coccus radiodurans 50S ribosome in complex with
tRNA analogs (puromycin and sparsomycin derivatives
and an acceptor arm mimic) (Bashan et al., 2003) show
that the 1942 loop interacts with these tRNA analogs,
suggesting an important role for this loop in A site tRNA
binding. A cryo-EM structure of tmRNA in complex with
the ribosome places the tmRNA in proximity to stem
H71 (Valle et al., 2003). The ribosomal sequence be-
tween 1934 and 1949 is highly complementary (14 out
of 16 nucleotides) to the sequence in the tRNA-like do-
main of tmRNA, strongly indicating that the 1942 loop
has the potential to base pair with tmRNA. Although the
role of methylation at U1939 is yet undetermined, its
location in ribosome suggests that this modification
may subtly modulate the binding of tRNA and/or
tmRNA to the ribosome.

The m®U MTase reaction has been studied primarily
using TrmA, and a minimal mechanism has been pro-
posed (Figure 1) (Kealey et al., 1994). In the first step, a
cysteine nucleophile of the enzyme attacks C6 of uri-
dine, forming an enolate (or equivalent enol) intermedi-
ate (2), which is in equilibrium with the off pathway 5,6-
dihydropyrimidine intermediate (2a). C5 of the enolate
intermediate is activated for electrophilic substitution.
This is followed by the transfer of the methyl group of
SAM to C5, generating a methylated protein-RNA inter-
mediate (3). The final step involves a proton abstraction
from C5 by a general base and 3 elimination of the en-
zyme. This catalytic mechanism resembles that of the
reaction catalyzed by 5-methylcytosine (m5C) MTase
(Wu and Santi, 1985).

The recently reported crystal structure of apo-RumA
displays a three-domain structure (Lee et al., 2004). The
N-terminal domain is an OB fold, a five-stranded (3 bar-
rel known to bind oligonucletides/oligosaccharides.
The central domain hosts a [Fe;S,] cluster, rarely ob-
served in SAM-dependent MTases. Based on the elec-
trostatic potential surface and the location of the con-
served positively charged residues, the central domain
was proposed to be involved in RNA binding. The
C-terminal domain is the catalytic domain and has the
fold of a typical class | SAM-dependent MTase. Con-
served sequence motifs in this domain have been iden-
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Figure 1. The Proposed Catalytic Mechanism of RNA m°U MTases

tified, and their roles in cofactor binding and substrate
specificity have been proposed (Lee et al., 2004).

Here we describe the X-ray crystal structure of the
RumA-RNA-S-adenosylhomocysteine (SAH) ternary com-
plex. This is the first RNA bound structure of a ribo-
somal RNA-modifying enzyme and of an RNA methyl-
transferase. The structure reveals that the bound RNA
is folded into a unique conformation that allows the
RNA to carry out functions that are usually performed
by protein residues. Intra-RNA interactions facilitate
flipping both the target base and a second base that
participates in RNA-assisted cofactor binding. The
unique quaternary interaction seen in the enzyme-RNA
complex suggests a mechanism for achieving the se-
lectivity of the enzyme for a single base within 23S ribo-
somal RNA. Interactions of the target base in the active
site, along with our biochemical studies on specific mu-
tant enzymes, identify key protein residues involved in
the catalytic process, including residues responsible
for base specificity and the general base catalyst. The
position of the new methyl group suggests a mecha-
nism to assist product release by steric clash.

Results and Discussion

Overview

The structure of a ternary complex containing RumA,
SAH, and a covalently bound 23S rRNA fragment
(1932-1968) with 5-fluoro-uridine ([F]°U) at position
1939 was determined by molecular replacement meth-
ods. The structure of apo-RumA (Lee et al., 2004) was
used as the search model. The structure was refined to
2.15 A resolution to an Ryee Of 22.9% (Table 1). Each
asymmetric unit contains two ternary complexes of

SAH )
CO,
NH5"
(0]
CH; CH3
VRN HN
H .. ::>
.\\\\H |B |
— O —
S—Enz | S—Enz
NA
4
\\\\CH;-,
~F
,.-u\\\H B
S—Enz

RumA-RNA-cofactor. The structures of the two non-
crystallographic symmetry (NCS)-related complexes
are similar, with an rms deviation of 0.6 Aand 1.1 Afor
proteins and RNAs, respectively.

The RNA in the RumA complex is folded into two
structural elements and is bound at the concave sur-

Table 1. Crystallographic Refinement Statistics

RumA-[FIRNA-SAH

Resolution (A) 50 - 2.15

Space group C2

z? 2

Unit cell dimensions (A) a=190.1,b=63.5¢c=112.0,f =
125.2°

Observed reflections 564191

Unique reflections 59466

Rmerge” 8.9%(73.3%)°

1/5(1) 12.7(1.9)°

Completeness 99.9%

Total atoms 8156

Water atoms 340

Rworking® 17.4%

Riree” 22.9%

Rmsd bond lengths (A) 0.021

Rmsd bond angles (°) 2.0

2z is the number of equivalent structures per asymmetric unit.
PRimerge = Zllhi = <lhki>//Zlhi, Where I is the measured intensity
of hkl reflection and <I;,,> is the mean of all measured intensity of
hkl reflection.

°The values in parentheses are for the highest resolution bin
(219 A -215A).

d Rworking = 2:hklllFobsl - |Fcalc”/2th|Fobs|v where Fops is the observed
structure factor amplitude and F.,. is the structure factor cal-
culated from model. Ry is computed in the same manner as is
Ruorking: With the test set of reflections (5%).
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A C-terminal catalytic domain

(SAM-MTase fold)

face formed by the three domains of RumA (Figure 2).
The 5’ end (1932-1943) containing the target nucleo-
tide U1939 forms a compact folded loop, whereas the
3’ segment (1944-1961) is a canonical hairpin. The 5’
end loop and the 3’ hairpin do not have any mutual
tertiary interaction. The extreme 3’ segment (1962-
1968) is not observed in our structure. Formation of the
protein-RNA complex results in 2709 A2 buried surface
area, accounting for 38% of the RNA surface.

Unusual Fold of the 5" End Loop and Its
Contribution to Nucleotide Flipping

and Substrate Selectivity

The 5 end loop (1932-1943) binds at the groove
formed by the central and the catalytic domains of
RumA. Compared to other protein bound single-stranded

Central domain
[FesS4]-binding)

.‘.[" (

Figure 2. Overall Structure of the RumA-
RNA-SAH Complex

(A) Ribbon representation of the complex.
The N-terminal, central, and C-terminal do-
mains of RumA are colored in red, green, and
blue, respectively. The observed RNA, corre-
sponding to 1932-1961 of E. coli 23S rRNA,
is colored yellow, with the exception of
U1939, which is colored red. SAH, the cata-
lytic cysteine (C389) and the [Fe,S,] cluster,
and the side chains of its coordinating cys-
teines are shown in sticks (silver for C, red
for O, blue for N, orange for S, and magenta
for Fe).

(B) Surface representation of RumA. The ori-
entation shown in (A) is rotated by 25° along
the y axis to illustrate the binding groove.
The molecular suface of RumA is colored
white. The ribbon colors are the same as
in (A).

N-terminal domain
(OB-fold)

RNA segments (Antson, 2000), the fold of the 5’ end
loop is strikingly intricate and compact. The fold and
intra-RNA interactions of this loop in the RumA com-
plex are very different from those observed in the corre-
sponding segment in the 50S ribosome from Deino-
coccus radiodurans that has the identical sequence
(Bashan et al., 2003) (Figures 3A and 3B). Except for
A1937 and U1939, which are flipped out of the loop, all
the residues of the 5’ end loop bind to the central do-
main, with the bases clustered at the concave side of
the curved sugar phosphate backbone (Figures 2 and
3B). The 5’ end loop contains two base stacks (Figure
4A). Residues 1932-1936 form an inline coaxial five-lay-
ered base stack that interacts with residues in the core
B sheet in the central domain. Following the 1932-1936
stack, the backbone bends abruptly at 1937 and initi-
ates the second base stack that contains four layers in
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Figure 3. Structural Comparison of the RumA Substrate in the Cocrystal Structure and that in Ribosome

The structure of the 1932-1968 segment has a well-conserved fold in the ribosome (Ban et al., 2000; Bashan et al., 2003; Yusupov et al.,
2001), and it is represented by the Deinococcus radiodurans structure in this comparison. The nucleotide sequence of this segment in E. coli

is identical to that in Deinococcus radiodurans.

(A) Side-by-side view of the RumA substrate in the cocrystal structure (yellow, left) with the analogous residues in the ribosome (blue, right).
The structure was rotated by 60° from the orientation shown in Figure 2. The backbones of the hairpins are well aligned, whereas the
backbones of the 5’ end loops deviate significantly from each other. The extreme 3’ segment (colored silver), which is not observed in the
RumaA cocrystal structure, makes three base pairs with the 5' end segment in the ribosome.

(B) Secondary structure of 1932-1968 (E. coli numbering) of the 23S rRNA. The 5’ segment is colored black, and the hairpin is colored blue.
U1939 is colored red. The extreme 3’ segment (1962-1968) was not observed in the RumA-RNA complex and is shown in open letters.

nonsequential order: 1938-1942-1941-1940. This stack
is almost perpendicular to the 1932-1936 stack and is
vertically inserted into a deep crevice in the protein sur-
face that reaches the [Fe;S,4] binding site.

Nucleotide flipping is a common strategy used in nu-
cleic acid-modifying enzymes for the bases to gain ac-
cess to the active site (Roberts and Cheng, 1998). It
is an energetically expensive process, since it involves
disruption of favorable interactions, such as base
stacking and hydrogen bonds, and generates a cavity
in the hydrophobic core of the nucleic acid. In many
nucleic acid-modifying enzymes, protein residues are
inserted into the cavity to provide compensating favor-
able interactions and balance the free energy cost of
extracting the base for binding and catalysis (Hoang
and Ferré-D’Amaré, 2001; Klimasauskas et al., 1994;
Slupphaug et al., 1996). In the RumA complex, no pro-
tein residue is inserted into the sites vacated by ever-
sion of U1939 and A1937. Instead, the RNA chain fol-
lowing U1940 folds back, and two RNA nucleotides,
C1941 and C1942, occupy the site vacated by the flip-
ping of U1939 and stack between A1938 and U1940
(Figures 4A and 4B). This insertion of surrogate nucleo-
tides in the RNA core provides energetically favorable
stacking and van der Waals interactions and is reminis-
cent of the insertion of protein residues seen in other
nucleotide flipping systems.

To assess the importance of this base stacking, we

measured the methylation activity on a 37-mer RNA
(1932-1968) with a riboabasic modification at C1942
(C1942rab). The wild-type 37-mer has a specific activity
of 2.2 x 10° mmole/min/mole. In contrast, no detectable
methylation activity was obtained when the C1942rab
RNA was used as a substrate. That is, the activity to-
ward the abasic RNA is at least 1000-fold lower than
the activity with the wild-type substrate, as inferred
from the detection limit of our assay. This result sup-
ports the crucial role of the interaction provided by the
inserted C1942 base in the productive folding of the
substrate.

The flipping of A1937 is stabilized by van der Waals
interaction between the A1938 base and the A1936 ri-
bose that results from the sharp bending of the RNA
backbone at A1937. A base-specific hydrogen bonding
network involving G1935, A1938, and the phosphate
moiety of U1943 helps stabilize the unusual RNA con-
formation (Figure 4B). This hydrogen bonding network
connects the two base stacks, maintains 1937-1938-
1939 in the zig-zag geometry, and ensures the nonse-
quential stacking order of 1938-1942-1941-1940. Thus,
the unusual fold is stabilized by a specific set of intra-
RNA interactions that are not typically seen in single-
stranded RNAs.

The conformation of the 5’ end loop and the flipping
of the bases is also guided by the complementary pro-
tein surface. Specific interactions with protein residues
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Figure 4. Interactions between RumA and Its Substrate RNA

(A) Diagram of the secondary structure and interactions of the bound RNA.

(B) Base stacking and intra-RNA hydrogen bond network in the 5 end loop. C1941 and C1942 occupy the space vacated by the flipped-out
U1939 and provide stacking interactions with A1938 and U1940. G1935, A1938, and U1943 form a closed hydrogen bonding network that
stabilizes the base flipping. The molecular surface of RumA is shown, and the RNA is shown in a stick model (green for C, red for O, blue for

N, and magenta for P).

(C) Recognition of the hairpin by the N-terminal OB fold. RumA and RNA are colored red and yellow, respectively. The protein and RNA
residues involved in an aromatic interaction network are displayed in a transparent space-filling model.

(D) Interactions between the [Fe,;S,] cluster and RNA through a water-mediated hydrogen bonding network. Elements are colored as follows:
green for C, red for O, blue for N, magenta for P, orange for S, and yellow for Fe. The hydrogen bonds are shown in black dashed lines.

help stabilize the nonsequential stack: R132 and R149
hydrogen bond to bases U1940, C1941, and C1942 in
the stack, and R128 extends the stacking at U1940
(Figure 4A). Several additional hydrogen bonds are
formed between the central domain and the sequential
base stack (1932-1936), and amino acid side chains
from the catalytic domain make specific contacts with
the flipped bases. These protein-RNA interactions, as
well as the intra-RNA interactions, are possible only

when the RNA is folded into the observed conforma-
tion. Thus, the folding of the 5’ end loop is not only
necessary for presenting bases to the active site, it also
provides a mechanism for selectivity of the enzyme.

The Preformed Hairpin Binds to the OB Fold

and Enhances the Catalytic Efficiency

In the RumA-RNA complex structure, residues 1945-
1961 form a five base-paired hairpin with a seven base
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internal loop (1950-1956). Residue 1944 stacks against
1945 but is not base paired (Figure 4A). The rmsd of
the phosphorus atoms between the hairpin in the 50S
ribosome from Deinococcus radiodurans (Bashan et
al., 2003) and that in the RumA complex is 2.2 A (Figure
3B), suggesting that conformation of the backbone re-
mains largely unaltered upon RumA binding. The hair-
pin binds in the cleft formed between the N-terminal
OB fold domain and the catalytic domain, with the OB
fold domain providing most of the contacts to the hair-
pin (Figure 4A). There are very few interactions between
the stem of the hairpin and the protein, and the OB
fold domain recognizes the RNA hairpin mainly through
interactions with the internal loop nucleotides (Figures
4A and 4C). The binding surface of the RumA OB fold
is comprised of strands 2, 33, and the C-terminal seg-
ment of $1, and loops Ly, L3, and Lys form clamps to
bind the RNA. Several polar residues from the RumA
OB fold make hydrogen bonds and electrostatic in-
teractions with A1953, G1954, and U1955. Four RNA
bases of the internal loop (A1952, G1954, U1955, and
U1956) and three aromatic protein side chains (F27,
F40, and Y61) form an extended network of aromatic
interactions, involving both face-to-face and face-to-
edge stacking (Figure 4C).

The ligand binding surface of an OB fold is universal,
although there is no sequence homology among OB
folds (Arcus, 2002; Murzin, 1993; Suck, 1997) (Figure
4C). The N-terminal domain of aspartyl-tRNA synthe-
tase is another RNA loop binding OB fold. It recognizes
the anticodon loop of tRNA2P using the same ligand
binding face as that in the RumA OB fold (Eiler et al.,
1999; Ruff et al., 1991). However, the nucleotide se-
quence and detailed interactions are very different from
those seen in the RumA complex structure. The RumA-
RNA complex supports the argument that the OB fold
is a versatile binding domain that can adapt to various
ligands.

The 3’ hairpin binds distant from the active site of
RumA and does not have any tertiary interaction with
the 5' region. In order to assess the contribution of the
hairpin segment to catalysis, we measured the enzy-
matic activity of RumA for the 37-mer RNA (1932-1968)
and for a 12-mer 5’ segment (1932-1943) lacking the
hairpin. The k.4s for RumA on the 37-mer substrate
and the 12-mer are 0.18 s™' and 0.006 s, respectively,
and the K;s are 9.2 pM and 34 M, respectively. This
represents a 30-fold higher k.,; and a 3.7-fold lower K,,,
for the 37-mer. Thus, the presence of the hairpin results
in a 110-fold higher catalytic efficiency (kca/Kin).- The
effect on k.. is 8-fold greater than the effect on K,
suggesting that the binding energy contributed by the
hairpin is realized predominantly in the transition state
complex (Fersht, 1999). The binding of the hairpin
therefore appears to stabilize the productive alignment
of catalytic residues in the transition state, resulting in
a higher catalytic rate.

RNA-Induced Conformational Change in RumA

In order to evaluate the structural changes between
apo and substrate RNA-bound RumA, we determined
the Cos whose positions are unchanged relative to
each other in the two structures by difference distance

matrix calculation (Perry et al., 1990). Three discreet
structural cores were identified which correspond to
the three RumA domains, suggesting that upon binding
RNA, each domain undergoes a movement that is inde-
pendent of the other two domains. Separate alignments
using individual domains revealed that all three do-
mains move toward the bound RNA in a “hinged” mo-
tion, which results in the change of the shape of the
binding surface that accommodates the RNA. In partic-
ular, the central domain and the catalytic domain rotate
toward each other by about 7° along their interdomain
hinge. The N-terminal OB fold swings by about 10° to-
ward the catalytic domain to lock in the hairpin. In addi-
tion to the domain movements, structural changes are
also observed within each domain.

The conformational changes of the active site resi-
dues were evaluated by aligning the catalytic domains.
Many residues exhibit movement toward the target uri-
dine and the cofactor (Figure 5). The shifts of Co. atoms
in most residues are less than 1 A. F263 and Q265 move
by a large distance of 2.5 A and 1.9 A, respectively. In
addition, the side chains of E424 and R366 swing by
58° and 53°, respectively, to interact with U1939 (Figure
5). The concerted movement of the active site residues
results in the active site closure.

Involvement of [Fe;S,] Cluster in RNA Binding

The iron-sulfur cluster in the RumA complex structure
interacts with the RNA through water-mediated hy-
drogen bonding (Figure 4D). A water molecule (W1)
bridges 02 of U1940 (the bottom layer of the nonse-
quential base stack) and S3 of [Fe;S,]. W1 also hy-
drogen bonds to 04’ of U1940 through a second water
(W2). In addition, the carbonyl oxygen of G89, a residue
proximal to the cluster, hydrogen bonds to W1 and the
2’ hydroxyl of U1940. G89 is completely conserved
among RumA orthologs, and any side chain at position
89 would affect the hydrogen bonding network by cre-
ating steric hindrance. The U1940-containing stack is
the most ordered RNA segment in the crystal structure
as revealed by the low temperature factors, suggesting
that the conserved [Fe,S,] and G89 might serve as the
platform for binding U1940 to initiate the overall bind-
ing process.

The iron-sulfur cluster is unlikely to participate di-
rectly in catalysis in RumaA, since it is absent in homolo-
gous m3U MTases. Like RumA, endonuclease Il pos-
sesses a [Fe;sS,4] cluster that does not participate in
catalysis. It has been proposed to have a role in main-
taining the fold of a DNA binding domain (Fromme and
Verdine, 2003). Recent data from our lab show that the
RumA cluster can be oxidized under conditions that
might exist during physiological oxidative stress, but
the oxidation is accompanied by decomposition of the
cluster and protein precipitation (Agarwalla et al., 2004).
This observation and the interactions in the RumA-RNA
structure suggest that the iron-sulfur cluster of RumA
may have an important role in stabilizing the structure
of the central domain.

Substrate-Assisted Cofactor Binding
The catalytic domain displays a typical SAM binding
fold utilizing some interactions that are conserved in
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Figure 5. Stereoview of Conformational Change of RumA upon Binding to RNA

The structures of RumA in the presence and absence of RNA are colored yellow and blue, respectively. SAH is colored green. The structures
are superimposed by aligning the Co. atoms of residues in the catalytic domain using the LSQKAB program in the CCP4 package (CCP4,

1994; Kabsch, 1976).

other SAM-dependent MTases (Lee et al., 2004; Malone
et al., 1995) (Figure 2). However, the RumA complex dis-
plays a novel utilization of the substrate in assisting the
binding of the cofactor (Figures 4A and 5 and see Fig-
ure S1A in the Supplemental Data available with this
article online). In several SAM-MTases, the adenine ring
of the cofactor is packed between aromatic/hydropho-
bic side chains (Malone et al., 1995). For example, in
the M. Hhal-DNA-SAH complex, W41 makes a face-to-
face and F18 makes an edge-to-face stacking interac-
tion to the cofactor from either face of the adenine ring
(Klimasauskas et al., 1994) (Figure S1B). In the RumA
complex, the flipped-out A1937 of the substrate RNA
makes a face-to-face stacking interaction with the ade-
nine ring of SAH, thus performing a role analogous to
W41 of M. Hhal. This stacking shields the cofactor from
solvent. To complete the packing, the conserved F294
makes an edge-to-face interaction with SAH from the
other side relative to A1937, similar to F18 of M. Hhal.
Thus, in the RumA complex, A1937 is recruited to per-
form the function that is performed by a protein residue
in many other SAM-MTases. This dramatic reorientation
of a nucleotide to bind the cofactor has not been docu-
mented before.

To evaluate the contribution of this novel interaction
on the methylation reaction, we measured the activity
of RumA toward the 37-mer substrate (1932-1968) with
a riboabasic modification at A1937 (A1937rab). Be-
cause the base of the flipped-out adenine interacts al-
most exclusively with the cofactor, it is unlikely that the
A1937rab modification alters the overall fold of the RNA
and the flipping of U1939. The elimination of the stack-
ing interaction from A1937 is expected to destabilize
the cofactor binding and result in decreased methyla-
tion activity. The K,,,s for SAM on the wild-type and the
A1937rab substrates are 29 pM and 134 pM, respec-
tively, and the ks are 0.18 s~' and 0.042 s, respec-
tively. This is a 4.6-fold increase in K,,,, a 4.3-fold de-

crease in kg, Which represents a 20-fold decrease in
the catalytic efficiency (kc.+/K) with respect to SAM as
a result of the abasic modification. This corresponds to
an activation energy of 1.8 kcal/mole, which matches
well the free energy of stacking two adenine bases in
aqueous solution (1.5 kcal/mole) (Solie and Schellman,
1968). Thus, the binding energy of stacking between
A1937 and the cofactor in the wild-type substrate is
utilized to lower the activation energy and thereby en-
hance catalysis. This result supports an important role
of A1937 in cofactor binding and orientation for ca-
talysis.

Conformation and Interactions of U1939
in the Active Site
The U1939 base adopts a half-chair conformation, in
which C5 and C6 are out of the plane with C5 pointing
toward SAH and C6 pointing toward the catalytic cys-
teine C389 (Figure 6). The electron density shows that
C6 is covalently attached to C389-SG through a thio-
ether linkage (Figure 6A). C5 is sp® hybridized and is
attached to both the fluorine and the transferred methyl
group, and clear electron density is observed for both
groups. Since both groups have nine electrons each
and are symmetrically distributed around C5, their iden-
tities were assigned assuming that the density proximal
to SAH corresponds to the transferred methyl group.
The methyl group and SD of SAH are 3.3 A apart, and
there is no electron density between the two atoms,
indicating that methyl transfer is complete (Figure 6).
The completed methyl transfer, together with the cova-
lent bond between the C6 and C389-SG, suggest that
the structure is the trapped intermediate 3F (Figure 1).
The flipped-out uridine is stabilized by interactions
that are provided by residues conserved in m°U
MTases. F263 forms an edge-to-face aromatic interac-
tion with the uracil ring and is itself held by the sugar-
phosphate backbone of U1939 and the methionine moi-
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Figure 6. The Active Site of RumA

(A) Stereoview of the sigma weighted 2F, - F, electron density at the active site. The map was contoured at 1.2 ¢ and colored green for SAH
and blue for the remaining region. The map shows the linkage between C389-SG and U1939-C6 and no continuous density between SAH
and U1939. The densities of the fluorine and methyl group are evenly distributed around U1939-C5.
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ety of SAH (Figure 6A and Figure S1A). F417 contacts
the uracil ring through van der Waals interaction from
the opposite side relative to F263. These two phenyl
rings sandwich the uracil base, preventing it from mov-
ing along the axis perpendicular to the plane of the
base. The guanidino group of R366 hydrogen bonds to
02" and O3’ of U1939. The U1939 base; the side chains
of residues Q265, D363, and E424; and a water mole-
cule (W3) form an intricate hydrogen bonding network
(Figure 6B). These interactions together hold the
flipped-out U1939 in the productive conformation.
Q265, D363, and E424 possess hydrogen bonding and
proton transfer abilities and directly contact the target
uracil. In order to investigate the functional roles of
these residues, we constructed conservative mutants
(Q265E, D363N, and E424Q) and also made alanine mu-
tants at each of these three positions.

Q265 in Uracil Recognition

RumaA is not only site specific, it is also base specific;
a U1939C mutant 23S rRNA is not methylated (Agar-
walla et al., 2002), despite similar chemistry involved in
the catalytic mechanism. Hydrogen bonding between
N3 and 04/N4, the two atoms that differentiate uracil
from cytosine, and protein side chains having amide or
carboxyl groups are often employed for discrimination
of the two pyrimidine bases by proteins (Liu and Santi,
1992). Q265 in the RumA complex forms bidentate hy-
drogen bonds to N3 and O4 of U1939 (Figure 6B).
Hence, it is well positioned to be the primary uracil-
recognizing residue. Q265-NH, is also a hydrogen bond
donor to the carboxylate of D363, and a water (W3)
bridges Q265-OE1 and U1939-02. These latter interac-
tions maintain Q265 in the proper orientation for in-
teraction with the uracil base. In addition, Q265 is a
hydrogen bond donor to the carboxylate of the methio-
nine moiety of the cofactor, suggesting a role of Q265
in SAM binding as well. The Q265A mutant enzyme dis-
plays a specific activity of 3.6 mmole/min/mole, 830-
fold lower than that of the wild-type enzyme (3.0 x 103
mmole/min/mole), whereas the Q265E mutant has no
detectable activity. Thus, not only is the hydrogen
bonding capability of Q265 required, but the very spe-
cific hydrogen bonding character of an amide is re-
quired at this position.

Multiple Roles of D363

D363 interacts with several functional groups in the
active site, including U1939, SAH, and Q265 (Figure
6B). Based on these interactions, D363 may contribute
to the binding of the cofactor, orientating Q265 and sta-
bilizing the enolate intermediate 2. In addition, D363 is
proximal to the fluorine attached to C5 (3.4 A) and

hence might serve as the general base required for ab-
straction of the C5 proton after the methyl transfer (in-
termediate 3). The D363A mutation resulted in complete
loss of activity, whereas the D363N mutant enzyme had
only 2-fold lower specific activity (1.5 x 10° mmole/min/
mole) than the wild-type enzyme. The hydrogen-bond-
ing functions are retained in the D363N mutant, but the
proton transfer character is lost. The retention of high
activity by D363N eliminates D363 as the general base
in the reaction; however, the loss of activity by D363A
indicates the importance of retaining hydrogen-bond-
ing capability at this position.

E424 Is the General Base

E424 is within hydrogen bonding distance of O4 of the
target uridine and also is proximal to the C5 fluorine
(4.3 A, Figure 6B). Hence, it is in a position to stabilize
the enolate intermediate 2, and/or it can be the general
base for abstracting proton from intermediate 3. The
specific activity of the E424A mutant is 1200-fold lower
than the wild-type enzyme, indicative of an important
role of this residue. The E424Q mutant displays a bi-
phasic reaction profile with an initial burst phase fol-
lowed by a slow second phase (Figure S2A). The mag-
nitude of the initial burst in the reactions is comparable
to the concentration of the enzyme used. This kinetic
behavior is characteristic of the accumulation of an en-
zyme bound intermediate during the reaction (Hartley
and Kilby, 1954). In contrast, both the wild-type enzyme
and the mutant enzyme with significant activity (D363N)
display linear reaction profiles (data not shown). For the
E424Q mutant, the biphasic kinetic behavior can be ex-
plained by a fast methyl transfer step followed by the
slow resolution of intermediate 3 (Figure 1). Thus, in the
E424Q mutant, proton abstraction and f3 elimination be-
come the rate-limiting step of catalysis. In this mutant
enzyme, the rate constant of proton abstraction as de-
termined from the slope of the second phase is 4.5 x
10-4 s71. Although the same constant cannot be deter-
mined for the wild-type protein, the absence of a sec-
ond phase indicates that it is considerably faster than
Kea i.€., 0.18 s71. Therefore, the E424Q mutation results
in at least a 350-fold reduction in the rate of proton ab-
straction.

The trapping of intermediate 3 by the E424Q muta-
tion was further confirmed by SDS-PAGE analysis. In
the absence of SAM, wild-type RumA shows a stable
RNA-protein complex band that was interpreted as the
off-pathway intermediate 2a (Figure S2B, lane 1). This
interpretation is based on a detailed analysis of the
mechanistically similar TrmA (Gu and Santi, 1992). In
the presence of SAM, the wild-type enzyme efficiently
turns over and does not form a stable covalent com-

(B) Interactions between amino acid side chains, the target uridine, and SAH. Possible hydrogen bonds are represented by green dashed
lines. Distances between the C5 fluorine and the two general base candidates D363 and E424 are shown as cyan dashed lines. The distance
between SAH-SD and the C5 methyl group, shown as a yellow dashed line, suggests the completion of methyl transfer.

(C) Proposed mechanism of product release illustrated by a side-by-side view of the structure of [Fim5U1939 and a model of m®U1939 in the
active site. The van der Waals spheres are shown for P364-0O and the C5 methyl group. The radii used here are 1.52 Afor 0,1.7 A for C, and
1.2 A for H. (Left) Covalent intermediate 3F as seen in the crystal structure. C5 is sp® hybridized. (Right) A model of the final product after B
elimination and C5=C6 double-bond formation. C5 is sp?-hybridized, and the methyl group is coplanar to the uracil. Steric clash is visible

between P364-0O and the C5 methyl group.



Cell
608

plex (Figure S2B, lane 2). In contrast, the E424Q mutant
does not form a stable complex in absence of SAM
(Figure S2B, lane 3) suggesting that this mutation af-
fects the relative stability of intermediates 2 and 2a,
possibly by changing the local electrostatic environ-
ment. However, a stable RNA-protein complex is trapped
in the presence of SAM (Figure S2B, lane 4). This com-
plex is very likely the methylated intermediate 3. These
gel-shift experiments together with the kinetic data
prove that E424 is the general base in the B elimina-
tion step.

Mechanism of Product Release

The conformation of U1939 and its contact with amino
acids in the active site suggest a possible mechanism
of product release. After the last step of catalysis (8
elimination) is complete, the C5=C6 double bond is
formed, and the m®U1939 base has a planar conforma-
tion in which the C5 is sp? hybridized and the new
methyl group is in plane with the pyrimidine ring (Figure
6C). However, such a conformation would place the C5
methyl group in unfavorably close contact to the main
chain oxygen of P364 (2.5 A between P364-0 and the
carbon of the methyl group and 1.6 A between the
P364-0 and the most proximal hydrogen of the methyl
group). P364 is in the highly conserved motif IV (DPXR)
of m®U MTases, and we have proposed that the tor-
sional constraint conferred by proline would be impor-
tant to catalytic function (Lee et al., 2004). The van der
Waals repulsion between the C5 methyl group and
the P364-O would incur a conformational change in
the P364-containing loop and/or in the position of
m°U1939, which in turn might disrupt the hydrogen
bonds from D363 and R366 and promote product re-
lease. A similar mechanism has been proposed for M.
Hhal DNA m®C MTase, in which steric clash is expected
between the planar C5 methyl group and a different
proline in motif IV (O’Gara et al., 1996). The almost uni-
versal existence of a proline in motif IV of DNA and RNA
MTases (Anantharaman et al., 2002; Malone et al., 1995)
suggests that steric clash resulting from the torsional
constraint conferred by a critically placed proline may
be a general mechanism of product release in this
group of enzymes.

Conclusions

A primary issue is how RNA-modifying enzymes gain
unique specificity for a single RNA base within the en-
tire RNA complement of the cell. Two structures of en-
zymes that modify nucleotides in folded RNAs in com-
plex with their RNA substrate have so far been
described: pseudouridine synthase TruB modifies U55
in the preformed T stem-loop of tRNA (Hoang and
Ferré-D’Amaré, 2001; Pan et al., 2003). Archaeosine
tRNA-guanine transglycosylase modifies G15 in the
folded A form of tRNA (Ishitani et al., 2003). In contrast,
many modified nucleotides in the ribosome, including
U1939, are located in buried loop or bulge regions, and
modifications of these bases most probably occur be-
fore or during ribosome assembly when the loops or
bulges are unstructured or are partially folded. The
RumA complex provides the first insight into this pro-
cess. Instead of adopting an extended structure, the

single-stranded substrate in the complex is refolded on
the enzyme into a compact conformation with many in-
tra-RNA interactions. The refolding thereby provides a
mechanism for dynamic structure-specific recognition
of the single target base in ribosomal RNA. Thus, it is
not only the sequence that is recognized by the enzyme
but also the ability of the RNA to conform to the speci-
fied conformation utilizing intra-RNA constraints that is
in turn determined indirectly by the RNA sequence. This
mechanism of selectivity that depends on the ability of
the enzyme-RNA complex to reach a unique quaternary
interaction, as well as sequence specific contacts, may
be utilized by other enzymes that modify single-
stranded nucleic acids. A similar “self-recognition” mech-
anism is employed by the Pot1 end-capping protein
that binds telomeric single-stranded DNA, where the
tertiary intra-DNA interactions in the compact folded
DNA are essential for specificity (Lei et al., 2003). Al-
though not directly analogous, the recently reported
structure of the CCA-adding enzyme/tRNA complex
provides another example of an RNA that participates
in the enzymatic reaction, in this case by providing part
of the template for the incoming base (Xiong and
Steitz, 2004).

The particular RumA RNA substrate participates at
various levels in the catalytic process. Access to the
target base remains a predominant function of nucleo-
tide flipping out from its normal secondary structure in
enzyme-nucleic acid complexes (Roberts and Cheng,
1998). The RumA-RNA complex structure extends the
functional repertoire of this mechanism by flipping a
second nucleotide (A1937) that participates in binding
the cofactor. Cheng and Blumenthal (2002) had pro-
posed that base flipping in RNA may play roles that are
not observed in DNA, and the RumA structure validates
this proposition. Several intra-RNA interactions includ-
ing a hydrogen bonding network involving three nu-
cleotides and the insertion of two nucleotides into the
void generated by base flipping provide the compen-
sating free energy required for flipping. The 3’ hairpin
region of the substrate RNA, even though it does not
interact with the protein active site, interacts with an-
other domain of the protein to provide binding energy.
This region increases selectivity and catalytic efficiency
(kcat/Km)-

It has been proposed that the primordial RNA world
first evolved to an RNA-protein environment before the
development of the extant life forms (Freeland et al.,
1999). It is conceivable that early protein enzymes had
not acquired sufficient proficiency and required the
support of RNA molecules for augmenting their func-
tion. The active participation of the substrate RNA in
RumA catalysis is certainly consistent with this conjec-
ture. The rumA gene is widespread throughout the eu-
bacterial kingdom (Agarwalla et al., 2004), indicating an
early evolutionary origin for RumA. We therefore specu-
late that RumA and its substrate have preserved fea-
tures from the early RNA-protein era.

Experimental Procedures

Preparation and Crystallization of RumA-RNA-

Cofactor Complex

E. coli RumA was cloned, expressed, and purified as described
(Agarwalla et al., 2002). The 23S rRNA fragment 1932-1968 with
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[FI°U1939 modification was purchased from Dharmacon, Inc. The
enzyme-substrate covalent intermediate was formed by incubating
50 pM RumA with equimolar [F]°U RNA in 50 mM Tris-HCI (pH 7.5)
containing 1 mM MgCl,, 5 mM DTT, and 2.5 mM SAM at room
temperature for 1 hr. The reaction mixture was then applied to a
HiTrap Q column (Pharmacia) equilibrated with 20 mM Tris-HCI and
100 mM NaCl (pH 7.5). Separation was performed using a gradient
from 100 mM NaCl to 550 mM NaCl. The fractions containing the
complex, as judged by SDS-PAGE analysis, were pooled and con-
centrated. The purified complex was dialyzed against 20 mM Tris-
HCI and 50 mM NaCl (pH 7.5). Crystals were grown using the hang-
ing drop vapor diffusion method. A solution containing 3 mg/mL
purified complex and 1 mM SAM was mixed with an equal volume
of well buffer (100 mM sodium cacodylate [pH 6.5], 1.5 M ammo-
nium sulfate, and 10 mM MgCl,).

Data Collection and Structure Determination

Crystals were transferred to the well buffer solution containing 20%
(w/v) glucose shortly before immersion in liquid nitrogen. Diffrac-
tion data were collected on frozen crystals at the Advance Light
Source (ALS, Lawrence Berkeley Lab, CA), beamline 8.3.1. Data
were processed and scaled using DENZO and SCALEPACK (Otwi-
nowski and Minor, 1997).

The structure was determined by the molecular replacement
method using apo RumA as the search model (Lee et al., 2004).
Solutions for both protein molecules in the asymmetric unit were
obtained with CNS (Brunger et al., 1998) and were used to calculate
the initial density map. The cofactor in the complex crystal was
identified as SAH according to the lack of electron density for the
epsilon methyl group, even though SAM was added in the crystalli-
zation drop. The cofactor product SAH might have remained
trapped in the protein-RNA complex after the methyl group was
transferred to U1939. It is also possible that it was present in the
added SAM, since commercial preparations of SAM are known to
contain SAH as a contaminant (Hoffman, 1986). The RNA model
was progressively built into the density as the iterative refinement
proceeded. Model building of the RNA and rebuilding of the protein
were carried out using Quanta (Accelrys, San Diego, CA) and were
assisted by improved maps using ARP/WARP (Perrakis et al., 1999).
Refinement was carried out using REFMAC5 (CCP4, 1994; Murshu-
dov et al., 1997). The three protein domains and RNA molecules
were each treated as separate TLS groups (Winn et al., 2001), and
NCS restraints were not applied during the refinement. The stereo-
chemical quality of the final structure was verified by PROCHECK
(Laskowski et al., 1993). Structual figures were prepared using Py-
MOL (DeLano Scientific) and Ribbons (Carson, 1997).

Subcloning and Mutagenesis of RumA

We subcloned the rumA gene into a construct that would provide a
(His)e-tag protein, thereby eliminating copurification of endogenous
RumA during the purification of mutant enzymes. The rumA gene
was amplified from the vector pRjr (Agarwalla et al., 2002) using
the N-terminal primer 5'-GGAATTCCATATGGCGCAATTCTACTCTG
CAAAACG-3’ and C-terminal primer 5'-GCGGATCCTATTTAACG
CGCGAGAAAAGTACCATCGATTC-3'. The PCR product was di-
gested with Ndel and BamHI and ligated with similarly restricted
plasmid pET-28b. The ligated product was transformed into E. coli
DH50. The resultant construct, pET28-RumA, was confirmed by
DNA sequencing. Site directed mutagenesis was performed by
QuikChange Kit (Stratagene) using the appropriate mutagenic
primers. All mutant sequences were confirmed by DNA se-
quencing.

Purification and Characterization of (His)s-Tag RumA

The construct pET-28 RumA was transformed into E. coli
BL21(DE3) plysS cells. The transformed cells were grown in M9
minimal medium containing kanamycin (10 pg/mL) to an optical
density of 0.5 at 600 nm, induced with isopropyl-1-thio-f-D-galac-
topyranoside (0.5 mM), and grown for an additional 3 hr before
harvesting. The cell pellet was suspended in buffer A (20 mM po-
tassium phosphate [pH 7.0], 100 mM NaCl in 10% glycerol) and the
protease inhibitor cocktail Complete-Mini EDTA-free (Roche Diag-
nostics) was added. Cells were lysed using an Emulsiflex homoge-

nizer (Avestin, Inc., Canada), and debris was removed by centrifu-
gation at 15,000 x g for 15 min. The supernatant was loaded on a
Talon (Clonetech) column equilibrated with buffer A. The column
was washed with buffer A containing 5 mM imidazole before eluting
with buffer A containing 150 mM imidazole. Eluant from the Talon
column was dialysed against buffer A, and the N-terminal (His)g-
tag was cleaved with thrombin (Novagen). The thrombin-cleaved
protein was loaded on an SP-Sepharose column equilibrated in
buffer A and was eluted with a gradient of 100-700 mM NacCl. Pro-
tein concentrations were determined using an extinction coeffi-
cient, ego = 64600 M~ cm™', obtained by quantitative amino acid
analysis.

Kinetic Analysis

Methylation assay and enzyme kinetics have been previously de-
scribed in detail (Agarwalla et al., 2002). Briefly, enzymatic activity
was measured by monitoring the transfer of radioactive methyl
group from [°*H-Me]SAM to RNA. Reactions aliquots (20 ul) were
adsorbed onto a DEAE paper, washed, and counted for tritium. For
determinations of K,,, and k. for the 37-mer substrate and the 12-
mer substrate, the enzyme concentrations were 0.1 pM and 1 pM,
respectively. RNA concentrations were varied from 1 to 40 wM. [3H-
Me]SAM concentration was 155 pM (1 Ci/0.3 mmol). The specific
activities were measured using the RNA concentration of 10 pM
and [*H-Me]SAM concentration of 155 uM (1 Ci/0.3 mmol). For
comparison of the wild-type and mutant enzymes, the 37-mer RNA
(1932-1968, Dharmacon) was used as the substrate. Enzyme con-
centration was 0.1 pM for the wild-type and D363N mutant en-
zymes and 2 pM for the Q265E mutant enzyme. The detection limit
of our assay at 2 uM enzyme concentration is ~2 mmole/min/mole,
1500-fold lower than the specific activity of the wild-type enzyme.
For effects of the riboabasic modifications at positions 1937 and
1942, 37-mer wild-type substrate was compared with the 1937rab
and 1942rab substrates. Enzyme concentration was 0.2 wM for the
wild-type substrate, 1 M for the A1937rab substrate, and 5 pM
for the C1942rab substrate. To determine the k., and K, for SAM,
RNA concentration was 21 pM for the wild-type substrate and 44
wM the 1937rab substrate, and SAM concentrations were varied
from 10 to 500 pM.

SDS-PAGE Analysis of Enzyme-Substrate Covalent Complexes
RumA (4 M) and RNA (1932-1968, 4 M) were mixed in a solution
containing 100 mM Tris-HCI (pH 7.5), 1 mM MgCl,, and 5 mM DTT
in absence and presence of SAM (1 mM). The mixture was incu-
bated at room temperature for 30 min before mixing with 2x SDS-
PAGE loading buffer. The sample was applied to SDS-PAGE, and
the gel was stained by Coomassie Blue after electrophoresis.

Supplemental Data

Supplemental Data include two figures and can be found with this
article online at http://www.cell.com/cgi/content/full/120/5/599/
DC1/.
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